Three experiments were conducted to test the hypothesis that methionine, isoleucine, valine or nitrogen either singly or in combination are limiting in an 11% crude protein, lysine-tryptophan-threoninesupplemented, corn-soybean meal diet for growing pigs. A 16% crude protein diet was used as a positive control in each experiment and all amino acid additions were made, at a minimum, to equal requirements. Average initial weights were 21.3 kg, 23.0 kg and 19.1 kg in Exp. 1, 2 and 3, respectively. The experiments averaged 4 wk in duration. In Exp. 1 and 2, neither the addition of glutamic acid as a source of nitrogen, nor methionine to the 11% diet resulted in any improvement (P>.20) in rate or efficiency of growth. Addition of the combination of isoteucine and vatine to the 11% diet resulted in an increase (P<.05) in both growth rate and feed efficiency to a level not different (P>.20) from that of the pigs consuming the positive control diet. The addition of valine to the 11% crude protein diet with supplemental lysine, tryptophan and threonine (Exp. 3) caused an improvement in daily gain (P<.05) but not feed efficiency (P>.10). Isoleucine addition tended to reduce pig performance. The results of these experiments suggest that an 11% crude protein, corn-soybean meal diet fortified with lysine, tryptophan and threonine is not limiting in sulfur amino acids or nitrogen. Valine may be the only limiting amino acid.
Introduction
If the protein level of corn-soybean meal (CS) diet fed to 20-to 40-kg pigs is reduced by two percentage units from recommended levels (16% crude protein; NRC, 1979) growth rate and efficiency of feed utilization can be restored to normal by the addition of lysine (Katz et al., 1973; Baker et al., 1975; Easter and Baker, 1980) . Pigs fed similar diet reduced in crude protein content by four percentage units, i.e., 12% crude protein, clearly respond to lysine, tryptophan and threonine supplementation (Corley and Easter, 1983; Russell et al., 1983 Russell et al., , 1986 An unexpected, and sometimes contradictory, response to methionine addition has been observed in some experiments. Sh~rda et al. (1976) were unable to demonstrate a response in growing pigs to either methionine or threonine addition to a 12% crude protein, lysinesupplemented CS diet. However, Gomez-Rojas et al. (1982) reported improvements in feed efficiency but not daily gain when methionine was added to a 12% crude protein, CS diet with added lysine, tryptophan and threonine. In contrast, Russell et al. (1983) , in a similar experiment, found an improvement in growth rate (P<.05) but not in feed efficiency. reported numerical, but not significant, improvements in rate and efficiency of growth by finishing pigs when methionine was added to a 10% CS diet supplemented with lysine, tryptophan and threonine.
The present experiments were conducted to determine if methionine, another amino acid, or nitrogen is fourth limiting in reduced-protein, CS diets fed to pigs weighing between 20 and 40 kg. Each experiment was conducted using a randomized complete block design with the pen as the experimental unit. Data were evaluated by analysis of variance techniques (Sokal and Rohlf, 1969) . In certain instances, orthogonal contrasts were used to compare treatment means. Single degree of freedom contrasts were used when deemed appropriate. Data analysis was facilitated by the use of the Statistical Analysis System (SAS, 1979) .
Exp. i. This experiment was designed to test two hypotheses: 1) that growing pigs fed the negative control diet (table 1) will respond to methionine and 2) that the response to methionine is not a response to the amino acid per se NRC (1979) for corn and soybean meal. Assumed values for corn and soybean meal were, respectively, lysine .24, 3.18; tryptophan .05, .67; threonine .39, 1.91; isoleucine .4, 2.6; valine .4, 2.7 and methionine + cystine .4, 1.4. but to the additional nitrogen that it provides. A 2 X 2 factorial arrangement was used with DL-methionine as one factor and glutamic acid, a source of nonspecific nitrogen, as the other. The DL-methionine addition was either 0 or .10%; glutamic acid was added at either 0 or .10%. In those diets that included glutamic acid, .074% sodium bicarbonate was also added to buffer the acidity. In addition to the four treatments arising from the factorial combinations, a fifth treatment, the 16% crude protein CS diet, was included as a positive control.
In Exp. 1 there were six pigs per pen and six pen-replicates were assigned to each dietary treatment. The ratio of barrows to gilts was constant within each pen in a replicate but varied among replicates. The average initial weight was 21.2 kg and the feeding period was 28 d in length.
Exp. 2. A 2 • 2 • 2 factorial experiment was employed to confirm the results of Exp. 1 and to test a third hypothesis that the fourth limiting amino acid in a reduced-protein CS diet is either isoleucine or valine. Thus, the first factor was methionine, 0 or .13%; the second factor was glutamic acid, 0 or .13%; and the third factor was the addition of 0% L-isoleucine and 0% L-isoleucine and 0% L-valine or .07% L-isoleucine and .08% L-valine. In addition to the eight treatments derived from the factorial combinations, a ninth treatment, the 16% crude protein CS positive control, was included. There were six replicates of individually-penned pigs: three barrow replicates and three gilt replicates. The pigs weighed an average of 23 kg initially and received the test diets for 26 d.
Exp. 3.
The results of Exp. 2 provided evidence that either valine or isoleucine, or the combination of these amino acids was limiting in the 11% crude protein, CS diet. Thus, the final experiment was conducted to identify the next limiting amino acid(s). A 2 • 2 factorial was used. The first factor was L-isoleucine, 0 or .07%, and the second was valine, 0 or .08%. As in the previous experiments, a 16% crude protein CS diet was included as a fifth treatment to serve as a positive control. Within the randomized complete block design, each of the eight replications was formed on the basis of pig weight and starting time. Each replicate included five treatment pens with five pigs per pen. The pigs averaged 19.1 kg initially and the experiment was 29 d in duration.
R esu Its
Exp. 1. The addition of methionine or glutamic acid, either singly or in combination, to the 11% crude protein CS diet did not improve (P>.20) daily gain, daily feed intake or efficiency of feed utilization to a level of performance superior to that of pigs fed the 11% crude protein basal diet (table 2). The growth rate and feed efficiency of pigs consuming the 16% crude protein CS diet was superior to that of pigs consuming the lower protein diets (P>.05). Daily feed intake was not significantly affected by dietary treatment. 
Exp. 2.
Under no circumstance did supplemental methionine, singly or with glutamic acid, or in combination with isoleucine and valine, affect growth rate, feed intake or efficiency (P>.20, table 3). Similarly, addition of glutamic acid singly or in combination with methionine or methionine, isoleucine and valine failed to improve (P>.20) the performance criteria measured. The addition of isoleucine and valine to the low-protein diets resulted in an improvement (P<.05) in daily gain, daily feed intake and feed efficiency. The combined addition of all four supplemental amino acids, i.e., methionine, glutamic acid, isoleucine and valine, resulted in the most rapid numerical growth rate. However, this was not significantly greater than that of pigs fed the isoleucine-valine-supplemented, low-protein diet. Treatment interactions were not detected (P>.30).
Exp. 3. Pigs consuming the 16% crude protein, positive control diet grew faster and more efficiently (P<.05) than those consuming the 11% crude protein, negative control diet (table 4) . Isoleucine addition to the negative control diet tended (P>.10) to reduce daily gain. The single addition of valine to the negative control diet improved (P<.05) daily gain. Growth rate for pigs receiving the negative control diet supplemented with valine was not different (P>.10) from that of pigs fed the positive control diet. The average daily gain of pigs fed the negative control diet with both added isoleucine and valine was not significantly greater than that of pigs receiving the negative control diet alone.
The main effect of supplemental valine was to improve (P<.05) growth rate. The addition of valine or valine in combination with isoleucine to the negative control diet resulted in a numerical improvement in feed efficiency in comparison to pigs consuming the isoleucinesupplemented diet. Addition of supplemental amino acids to the low-protein, negative control diet did not affect feed efficiency (P>.10). Treatment interactions were not detected (P>.20) for any of the criteria measured.
Discussion
Based on the amino acid composition of corn and soybean meal and the amino acid requirements of swine between 20 and 100 kg body weight, a CS diet should not become limiting in sulfur amino acids until the protein level has been reduced by more than five percentage units from recommended levels (NRC, 1979) . However, a response to supplemental methionine was observed in both growing (Gomez-Rojas et al., 1982; Russell et al., 1983) and finishing pigs ) when corn and soybean meal diets were formulated to a crude protein level four percentage units below that suggested by the NRC (1979). However, this response to supplemental methionine was not consistent.
Supplemental methionine may improve growth either by correcting an actual sulfur amino acid deficiency or by providing nitrogen for non-essential amino acid synthesis. If the previously observed responses to added methionine were due to either factor, i.e., sulfur amino acid or nitrogen deficiency, a reduction in crude protein greater th~n four percentage units should have exacerbated the deficiency, resulting in a more consistent response to added methionine.
In the present experiments, rate and efficiency of growth by pigs fed a CS diet formulated to 11% crude protein, five percentage units below the NRC (1979) standard, and fortified with lysine, tryptophan and threonine did not respond to the addition of methionine or glutamic acid in either Exp. 1 or Exp. 2. Therefore, we conclude that the low-protein diet used in the present experiments provided adequate nitrogen for non-essential amino acid synthesis and was not limiting in methionine.
Reports of inconsistent responses to supplemental amino acids are not uncommon. In an initial study, Corley and Easter (1980) reported that rate and efficiency of growth by starter pigs fed a 14% crude protein CS diet supplemented with lysine and tryptophan was equal to growth of similar pigs fed an 18% crude protein diet. Subsequently, these workers (Corley and Easter, 1983) found that threonine was needed in addition to lysine and tryptophan before the 14% diet would support performance equal to the 18% diet. In a cooperative study conducted at two experiment stations (Russell et al., 1986) , a response to methionine was observed at one location but not the other.
A probable explanation for the differences in response to supplemental amino acids lies in the inherent variability in amino acid composition of natural feedstuffs. Whitacre (1985) reported the protein and amino acid composition of 95 samples of corn and 175 samples of soy- bean meal. A striking feature of this survey was the variability in amino acid content of these feedstuffs. When swine diets are formulated to recommended levels of crude protein (NRC, 1979) most amino acids are present in some excess, thus effectively masking the variable composition of the feedstuffs. As the protein level is reduced, several of the amino acids become deficient; others are marginally adequate. The opportunity for an unexpected amino acid deficiency to occur is increased and, equally, the difficulty of defining a universally acceptable program for minimal amino acid supplementation of reduced-protein diets.
In Exp. 2 supplementation of the 11% crude protein diet with the combination of isoleucine and valine improved both growth rate and feed efficiency over the level achieved with only lysine, tryptophan and threonine supplementation. Moreover, the 11% crude protein diet fortified with five amino acids supported pig performance that was not different from that of pigs fed the recommended level (NRC, 1979) of crude protein.
Exp. 3 was conducted to determine if the response in Exp. 2 was due to isoleucine or valine. Valine addition significantly improved growth rate; isoleucine did not. Neither isoleucine nor valine addition affected feed efficiency.
In summary, the 11% crude protein, CS diet is not limiting in sulfur amino acids or nitrogen for the 20-to 40-kg pig. The fourth l!miting
